We report on a superoutburst of a WZ Sge-type dwarf nova (DN), ASASSN-15po. The light curve showed the main superoutburst and multiple rebrightenings. In this outburst, we observed early superhumps and growing (stage A) superhumps with periods of 0.050454(2) and 0.051809(13) d, respectively. We estimated that the mass ratio of secondary to primary (q) is 0.0699(8) by using P orb and a superhump period P SH of stage A. ASASSN-15po [P orb ∼ 72.6 min] is the first DN with the orbital period between 67-76 min. Although the theoretical predicted period minimum P min of hydrogen-rich cataclysmic variables (CVs) is about 65-70 min, the observational cut-off of the orbital period distribution at 80 min implies that the period minimum is about 82 min, and the value is widely accepted. We suggest the following four possibilities: the object is (1) a theoretical period minimum object (2) a binary with a evolved secondary (3) a binary with a metal-poor (Popullation II) seconday (4) a binary which was born with a brown-dwarf donor below the period minimum.
Introduction
Cataclysmic variables (CVs) are close binary systems which are composed of a white dwarf (WD) primary and a Roche-lobe-filling secondary. The transfered mass from the secondary forms an accretion disk around the primary. DNe are a subclass of CVs characterized by a sudden brightening of the disk, called outburst. Outbursts are thought to be caused by thermal instability of disk (see e.g.
Warner 1995).
SU UMa-type dwarf novae (DNe) show not only normal outbursts but also superoutbursts which are caused by thermal-tidal instability (Osaki 1989; Osaki 1996) . In superoutbursts, superhumps can be observed which have a small amplitude of 0.1-0.5 mag with a period a few percent longer than P orb . Superhumps are considered to be a result of the 3:1 resonance of accretion disks which makes disks elliptical (Whitehurst 1988; Lubow 1991a; Lubow 1991b; Hirose, Osaki 1990 ).
According to Kato et al. (2009) , ordinary superhumps are classified to three stages by how the period changes: stage A, stage B, and stage C (see Figure 1 on the classification of superhumps). The stage A superhumps are thought to represent the growing phase of the 3:1 resonance, and their period is considered to reflect the disk precession rate at the 3:1 resonance radius. The period of stage B superhumps is shorter because of pressure effects in the disk, and the origin of stage C superhumps is unclear (for more detail, see Kato, Osaki 2013) .
WZ Sge-type DNe are a subclass of SU UMa-type DNe which shows few normal outbursts and, compared with SU UMa-type DNe, have especially rare outbursts and short orbital periods. WZ Sge-type DNe feature double-peak variations in their light curves, called early superhumps, which are observed in the initial term of superoutbursts. It is believed that the period of early superhumps corresponds reasonably well with the orbital period (Kato 2002; Ishioka et al. 2002) . They also exhibit multiple rebrightenings after the main superoutburst (see Kato 2015 for review). The reason why early superhumps are observed in WZ Sge-type DNe is that the binaries have extremely small mass ratios q , so the disks can spread to the 2:1 resonance radius (Osaki, Meyer 2002) . Once the 2:1 resonance is excited, two-armed dissipation patterns appear near the 2:1 resonance radius, and we see the geometrical superposition of two light sources. This is how early superhumps are observed with double-peaked profiles (cf. Maehara et al. 2007 ). The 2:1 resonance is thought to suppress the growth of the 3:1 resonance (Lubow 1991a) . Hence, after the 2:1 resonance becomes weak, the 3:1 resonance becomes excited and ordinary superhumps grow. There are several cases when rebrightenings occur after main superoutbursts. The rebrightenings are grouped into five types: only one long duration rebrightening (type A), multiple rebrightenings (type B), only one short duration rebrightening (type C), no rebrightenings (type D), and double superoutburst (type E) (Imada et al. 2006; Kato et al. 2009; . The rebrightening types appears to reflect the evolutionary phase, and the order of the evolution seems to be type C→D→A→B→E as Kato (2015) suggested.
According to the evolutionary theory of CVs, a binary separation become shorter mainly by magnetic braking in initial stage (orbital period P > 3 hrs), and by gravitational wave radiation (GWR) in the last stage (orbital period P orb < 3 hrs) (Paczyński 1981) . As mass transfer from the secondary proceeds, the secondary becomes partially degenerate. The smaller the mass of the degenerate secondary star becomes, the larger its radius becomes. Such a transition of the mass-radius relation causes the increasing orbital period. Hence it is believed that there is a theoretical lower limit of the period of CVs, called the period minimum P min (Paczyński, Sienkiewicz 1981; King 1988) .
Assuming that the angular momentum loss of the binary is driven purely by the GWR, the theoretical P min is calculated to be 65-70 min (Kolb, Baraffe 1999; Howell et al. 2001) . However, the observa-tional cut-off of the P orb distribution is about 80 min, and the peak, called the period spike, is about 82 min (Gänsicke et al. 2009 ). Thus, Knigge et al. (2011) suggested an increased rate of the angular momentum loss to match the observational distribution, and reproduced P min of 82 min. Although the value of 82 min has been widely accepted, the mechanism of the larger angular momentum loss is unclear, and the discrepancy between the theory and observation is not settled yet (period minimum problem). CVs below the period minimum are generally classified as evolved objects called EI Psc-type, or helium-rich objects called AM CVn-type. Szkody et al. (2005) , Littlefair et al. (2007) and Patterson et al. (2008) reported on the peculiar "WZ Sge-like" CV OV Boo (SDSS 150722.30+523039.8) whose orbital period of 67 min is below the period minimum of 82 min. "WZ Sge-like" means that this object has shown no outbursts but the spectroscopy suggests a hydrogen-rich CV and the binary parameters, measured by the eclipsing light curve, are similar to WZ Sge-type DNe. To explain its short orbital period, they suggested the possibility that the secondary is a metal-poor (Population II) star. We do not know, however, whether an object like OV Boo shows outbursts like WZ Sge-type objects.
In this paper, we report on a new WZ Sge-type DN below the period minimum, ASASSN15po. It was first detected in superoutburst at V =13.7 on 2015 September 20.46 UT by All-Sky Automated Survey for SuperNovae (ASAS-SN, Shappee et al. 2014) , using data from Brutus telescope in Hawaii (Simonian et al. 2015) . Its position is (RA:) 00h36m35.83s, (Dec:) +21
• 51'25".7.
The quiescent counterpart was g=21.6 mag SDSS J003635.82 +215125.7, and it was reported to be fainter than V =17.6 on 2015 September 8.47 UT. This object showed early superhumps and multiple rebrightenings, which suggest that the object is a WZ Sge-type DN. Measuring P orb ∼ 72.6 min by using the period of the early superhumps, we found out that the object has a very short orbital period below the commonly accepted period minimum of 82 min. We introduce observational and analysis methods in section 2, show the results of the analysis in section 3, and discuss the results in section 4.
Observation and Analysis
ASASSN-15po was observed by several observers, and the log of photometric observations is listed in table 1. We also used the public data from AAVSO International Database 1 . Before analyzing the data, we applied zero-point corrections to each observer by adding constants. Moreover, we converted time to barycentric Julian date (BJD). When we analyzed the period of superhumps or early superhumps, we subtracted a global variation of superoutburst by using locally weighted polynomial regression fitting, LOWESSFIT (Cleveland 1979) , and calculated periods by phase dispersion mini- mization (PDM) analysis (Stellingwerf 1978) . The 1σ error of the PDM method was estimated by the same method of Fernie (1989) and Kato et al. (2010) . The O − C diagrams were drawn to search the variation of the superhump periods in the same way as Kato et al. (2009) .
We also obtained a low S/N optical spectrum. On BJD 2457311.79, ASASSN-15po was observed at the Guillermo Haro Observatory at Cananea, Sonora, Mexico on the 2.1-m telescope with the Boller & Chivens spectrograph, equipped with a 24 µm (1024 × 1024) Tektronix TK1024 CCD chip. The observation was taken in the wavelength range of 3900-7150Å with a dispersion of 3.2Å pixel −1 . The corresponding spectral resolution was about 6.5Å. We took one spectrum with 30 min exposure time. The weather was clear during the observation, and the seeing was around ∼ 1.5 ′′ .
The reduction procedure was performed using IRAF. A comparison spectrum of a He-Ar lamp was acquired for the wavelength calibration.
Result

Overall Light Curve
The superoutburst of ASASSN-15po was detected at V =13.7 on BJD 2457275.94 by the ASAS-SN team, and the superoutburst was seen as in figure 2. In quiescence, this object was g = 21.6 in SDSS data (Simonian et al. 2015) , so the superoutburst had a large amplitude of at least ∼8 mag. Timeresolved photometry started on BJD 2457277.38, and early and ordinary superhumps were observed during the plateau phase. Following the main superoutburst, which lasted for about 28 days until BJD 2457303.32, there were multiple rebrightenings between BJD 2457309.10 and BJD 2457332.46. This light curve represents the type A/B (multiple) rebrightenings according to Kato (2015) . Type A/B is often seen in WZ Sge-type DNe evolved around or beyond the period minimum (for more detail about the discussion of the rebrightening types of WZ Sge-type DNe, see Kato (2015) ). 
Spectroscopy
The spectrum of ASASSN-15po was obtained during rebrightnings on BJD2457311.79, and the normalized spectrum is in Figure 3 . The red spectrum is ASASSN-15po and the blue is SSS130101:122221.7-311525 (taken from Neustroev et al. (2016) ) which is known as a typical WZSge type novae. The spectrum of ASASSN-15po shows Hβ, Hγ, and Hδ absorption lines, which are typical properties of that of WZ-Sge type novae during the later part of superoutbursts.
Early Superhumps
As we mentioned in section 1, it is believed that the 2:1 resonance is the cause of early superhumps (Osaki, Meyer 2002) , and it is usually observed as a double-peaked modulation. It is well-known that the orbital period is very close to the period of early superhumps to an accuracy of 0.1% (Kato 2015) . We observed the early superhumps in this superoutburst (BJD 2457277.38-2457285.62 ), and we regarded the period as the orbital period P orb . The result of PDM analysis of the early superhumps is 0.050454(2) d (in figure 4) . As one can see in figure 6 , the phase-averaged profiles changed day by day. As in figure 5, the O − C diagram during early superhumps indicated that the period is almost constant. The times of the early superhump maxima, which were used to draw the O − C diagram, are listed in table 2. 
Ordinary Superhumps
Ordinary superhumps can be seen as a result of the 3:1 resonance. We drew the O − C diagram in the same way in section 3.3. The times of the superhump maxima, which were used to draw the 
Discussion
Orbital Period below the Period Minimum
Orbital periods of CVs are very important for determining the evolutionary stage of CVs. As mentioned in the previous section, we regarded the period of early superhumps as the orbital period, and the value is 0.050454(2) d (= 72.6 min) below the period minimum of 82 min. ASASSN-15po is the first DN with an orbital period between 67-76 min and the first WZ Sge-type DN below the commonly accepted period minimum except for the ultra-short orbital period objects, which are helium-rich CVs like AM CVn-type or EI Psc-type CVs or their candidates (Breedt et al. 2012) . Although this orbital period is unusual for an ordinary CV, the profile of the superoutburst is very similar to ones of ordianry WZ Sge-type DNe. 
Mass Ratio
Mass ratios of secondary star to primary star (q = M 2 /M 1 ) are one of the most important properties for discussing the evolution of binaries. It had been estimated as a function of fractional superfump excess (ǫ = ω pr /ω orb − 1) using an empirical relation derived by Patterson et al. (2005) . This method, however, suffers from the degree of pressure effect (Pearson 2007) . Recently, deepened understanding of precession disk enable us to develop the estimation method of mass ratio of SU UMa-type DNe.
By using the method of Kato, Osaki (2013) , we can estimate the mass ratio q from P orb and P SH of stage A. We define the fractional superhump excess ǫ * as
where ω pr is the aspidal precession rate of the eccentric disk, and ω orb is the orbital angular frequency.The dynamical precession rate ω dyn at the radius r is as follows (Note that equation 2 in Kato,
Osaki (2013) is a misprint ).) 
We know that the dynamical precession during stage A occurs at the 3:1 resonance radius, which is given by
By numerically solving the above equations, the mass ratio (q) can be obtained just from P orb and P SH of stage A. We calculated that the q of ASASSN-15po is 0.0699(8). This is a normal value in WZ Sge-type DNe.
We also know the empirical relation of WZ Sge-type DNe between q and P dot ≡Ṗ SH /P SH during stage B. Kato (2015) derived the following equation q = 0.0043(9)P dot × 10 5 + 0.060(5).
q from equation 5 is 0.066 (7) which is in good agreement with q from stage A. We note that this relation is known to hold for ordinary WZ Sge-type DNe (and a part of SU UMa-type DNe), and it is unclear whether we can use the relation for unusual WZ Sge-type DNe. We should confirm it by measuring more unusual objects.
Evolutionary State
We introduced the evolutionary theory of CVs in section 1, and the evolutionary track can be clearly seen on the relation between mass ratio q versus P orb in figure 9 , which is taken from Kato, Osaki (2013) . Filled circle and squares are CVs for which mass ratios have been are measured by stage A superhumps and eclipses, respectively. The dashed line is one of the standard evolutionary tracks, which is assumed that the angular momentum loss is driven only by the GWR, and the thick line is another one, which is modified by assuming a higher angular momentum loss to correspond with the observational studies, with the period minimum of 82 min from Knigge et al. (2011) . The mechanism of the higher angular momentum loss rate is unclear; nevertheless, the modified evolutionary theory has been widely accepted. The scattering around P orb ∼0.074 is mainly caused by observational difficulties. One system (IY UMa) with q ∼0.10 is an eclipsing one and it is difficult to determine the period of stage A superhumps due to overlap with eclipses (see, Kato, Osaki 2013 ). Other systems with relatively long P orb (∼0.074) also have difficulties since stage A superhumps in high-q systems last only 1-2d, in contrast to several days in low-q systems. Although the majority of CVs are considered to evolve along the evolutionary track as the mass transfer proceeds, ASASSN-15po is located below the period minimum. This object is a long-sought candidate of the theoretical period minimum CV, which evolves purely by the GWR.
This possibility, however, may be less likely since the majority of known CVs are not apparently on the theoretical evolutionary track and there is no physical reason why one single CV out of more than 2000 should undergo a different type of angular momentum loss. The systems with high-density secondaries can have shorter orbital periods below the period minimum. As we consider the Roche-Lobe geometry, the relation of P orb and density of a secondary star ρ 2 is restricted to P orb √ ρ 2 = constant (Faulkner et al. 1972) . From this relation, we can say that the shorter orbital period the system has, the higher density the secondaries should be. Hence, the short orbital period of ASASSN-15po suggests that this system has a compact, high-density secondary.
One explanation to the high-density secondary is that the system has a slightly evolved secondary, which are called EI Psc-type CVs (Faulkner et al. 1972) . The density of evolved stars is higher than that of hydrogen-rich stars (Faulkner et al. 1972) . Recently, several EI Psc-type CVs have been discovered and are thought to be intermediate objects evolving toward the AM CVn-type systems in the CV channel. The identification of EI Psc-type is an unusually hot donor for the short orbital period (Thorstensen et al. 2002) , which can be explained by an evolved donor that has been stripped of its hydrogen layers. Another hallmark of these system is that they are N -enhanced, and C-depleted (Gänsicke et al. 2003) . There is, however, only a low-resolution spectroscopic observation of ASASSN-15po (see section 3.2), so we cannot determine whether ASASSN-15po is classified as a EI Psc-type CV. It is known that evolved CVs often show profiles of superoutbursts different from ones of hydrogen-rich CVs because of the difference of the ionization temperature between the hydrogen and evolved helium-rich disks (Tsugawa, Osaki 1997) . However, it is known that some EI Psc-type CVs show outbursts similar to typical hydrogen-rich objects, because the secondaries of such objects are considered to be only slightly evolved and have a hydrogen-rich surface and a helium-rich core. The disk composition of such objects is, thus, still sufficiently hydrogen-rich (Ohshima et al.
in preparation). Considering this, there is a possibility that ASASSN-15po is a member of the EI Psc-type CVs. We are not sure, however, whether the surface and core composition is sufficiently different since these stars may be fully, or nearly fully convective.
The other possibility is that this object is metal-poor (Population II). As discussed in Patterson et al. (2008) , if the metallicity of the secondary is poor, the opacity of the surface is also small, which leads to about a 20% smaller radius of the secondary. Lower metallicity enables the period minimum to become shorter (Antipova 1987) . Hence, the short orbital period of ASASSN-15po can imply that the object belongs to Population II. However, we have to note that, as mentioned in section 1, CVs with low metallicity may not undergo the same outbursts as CVs with normal metallicity because of the different opacity of the accretion disk. In ordinary hydrogen-rich CVs, the middle branch of the S-curve mainly represents the opacity variation due to the partial ionization of hydrogen. It is known that iron-group elements contribute to this opacity, and we may expect some difference in the Scurve between Population I CVs and iron-poor Population II ones, and consequently some difference in the outburst behavior (cf. different S-curve in different metallicities in Pojmanski (1986) Finally, we have to consider a possibility that the binary was born with a brown-dwarf donor below the period minimum. This system may have started mass transfer below period minimum, and evolved toward present longer period.
Summary
We reported photometric observations and a low-resolution spectroscopy of the superoutburst of ASASSN-15po. The light curve showed a typical WZ Sge-type superoutburst with the multiple rebrightenings, classified as type A/B. The main superoutburst lasted for about 28 days, and, after a few days, the rebrightening phase began and continued for at least 24 days. We could also see early superhumps (BJD 2457277.38-2457285.62 to be 1.24(18) × 10 −5 . By using P orb and P SH of the stage A, we estimated q = 0.0701(8). We also estimated q =0.066(7) by using an empirical relation between q and P dot for normal WZ Sge-types.
The latter q is in good agreement with the former q.
We found that ASASSN-15po has an orbital period below the observational period minimum of 82 min. Although the evolutionary theory suggests that the period minimum is 65-70 min, there are no DNe with the orbital period between 67-76 min. We suggested four possibilities:
• This object is a theoretical period minimum object whose angular momentum is extracted purely by the GWR.
• The secondary of ASASSN-15po has been partially stripped, with an evolved, helium-rich core and hydrogen-rich surface atmosphere.
• The secondary is a metal-poor object belonging to Population II. The low opacity of a Population II star leads to a smaller radius and higher density -and thus a shorter period minimum.
• The binary was born with a brown-dwarf donor below the period minimum.
To determine the status of ASASSN-15po, we have to carry out a detailed spectroscopic observation.
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